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Non-minimal hidden sectors are an important generic possibility and arise in highly motivated
theories like Neutral Naturalness. A fraction of dark matter could therefore have hidden interac-
tions analogous to Standard Matter (SM) electromagnetism and nuclear physics. This leads to the
formation of Mirror Stars: dark-sector analogues of regular stars that shine in dark photons. We
examine the visible signatures of Mirror Stars in observations for the first time. If the dark and
visible photon have a small kinetic mixing, SM matter is captured in Mirror Star cores, giving rise
to an optical signal similar to but much fainter than white dwarfs, as well as a separate X-ray
signal that represents a direct window into the Mirror Star core. This robust and highly distinctive
signature is a smoking gun of Mirror Stars and could be discovered in optical and X-ray searches.
1. Introduction — The Standard Model (SM) is a
highly non-minimal theory, with many different particle
species, interactions, and mass scales giving rise to the
complexity of our visible universe. All or part of Dark
Matter (DM) may be similarly complicated, and indeed
this possibility arises in a variety of fundamentally moti-
vated models [1–10]. It is hence vital to study the signa-
tures of Dark Complexity.
Recent years saw significant progress in the study of
next-to-minimal examples, like DM with additional in-
teractions or a small number of states [9–27], but these
approaches are limited in the variety of phenomena they
can explore. On the other hand, the study of more com-
plicated dark sectors [2–10, 28–45] is made daunting by
the sheer multitude of possibilities and the difficulty of
making physical predictions. Our approach will be the
study of dark sectors that are related (but not identical)
to the SM by some symmetry. This allows us to derive
physical predictions with guidance from known physics,
while providing a starting point to understand the signals
of true Dark Complexity.
A suitable and highly motivated benchmark model is
the asymmetrically reheated incarnation [46, 47] of the
Minimal Twin Higgs (MTH) [1], which solves the little
hierarchy problem without colored top partners, and pre-
dicts a mirror sector that is a copy of the SM with a
mirror Higgs VEV vB a few times higher than the vis-
ible Higgs VEV vA. The rich cosmological signatures
of this scenario, including effects of an asymmetric relic
density of mirror baryons on Large Scale Structure, were
recently explored [2]. The similarities between SM mat-
ter and mirror matter also make it clear that the mirror
matter could cool and clump in our galaxy [48], leading
to the formation of Mirror Stars (MS) that fuse mirror
nuclei and shine in mirror photons.
The possibility that some fraction of DM could form
Mirror Stars is both extremely intriguing and quite gen-
eral for a complex dark sector, requiring only a massless
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dark photon (along with e.g. an early temperature asym-
metry between the dark and visible sectors to avoid CMB
constraints [49]) and some processes analogous to nuclear
physics. The idea of Mirror Stars has been discussed in
the context of Mirror-DM models [36, 37] but their more
general nature and non-gravitational observational con-
sequences were never carefully explored. We demonstrate
that Mirror Stars lead to spectacular astrophysical sig-
nals if the SM (Aµ) and mirror (AµD) photons have a tiny
kinetic mixing 12FµνF
µν
D [50], which is expected to exist
because it cannot be forbidden by symmetries, is dynam-
ically generated in many UV-completions, and violates
no cosmological constraints for  . 10−9 [2, 51]. Indeed,
small values of  ∼ 10−13 − 10−10 are well motivated in
the MTH model [52].
In this letter we show how to analytically estimate
these signals of Mirror Stars, with a more detailed calcu-
lation presented in a companion paper [53]. We find that
Mirror Stars capture SM matter in their cores. This “SM
nugget” gets heated up to T ∼ 104 K by 2-suppressed
interactions with the mirror matter, giving rise to an op-
tical signal similar to but much fainter than standard
white dwarfs. We also show for the first time that mirror
Thomson conversion allows thermal dark photons from
the Mirror Star core to be converted to visible X-rays that
escape the nugget, providing a direct window into the MS
interior. This double signature is extremely distinctive
and can be discovered in optical and X-ray searches [54]
The question of how the detailed properties and dis-
tribution of Mirror Stars follow from the details of the
dark sector is highly non-trivial, and we will explore it
in future work. In this letter we instead study a sim-
plified scenario where the dark sector, making up a sub-
dominant fraction of DM, contains mirror quarks, lep-
tons, and gauge forces that are perfect copies of their
SM analogues. Standard stellar evolution codes can then
be used to compute the properties of some benchmark
Mirror Stars, see Table I. This allows us to develop our
calculation of the Mirror Star signal, which is then read-
ily applicable to Mirror Stars that arise in theories of
Neutral Naturalness [1, 55] or more exotic dark sectors.
2. SM Baryon Capture in Mirror Stars — In the
presence of a small dark photon mixing, the MS captures
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FIG. 1: Important interactions between between mirror and
visible matter. Left: nucleus-nucleus scattering. Right:
Thomson conversion of a mirror photon to a SM photon.
SM material from the Interstellar Medium (ISM) that
accumulates in its core. We need to determine both the
size and the properties of this “SM nugget”.
Capture proceeds via interactions of ISM SM baryons
with the Mirror Star matter (mirror capture) as well as
already captured SM matter (self-capture). The follow-
ing calculation is very analogous to the problem of dark
matter capture in the sun, see e.g. [10, 56–58].
Mirror capture is determined by the Rutherford scat-
tering cross section, see Fig. 1 (left):
dσ
dER
=
2pi2α2Z21Z
2
2
mT v2E2R
, (1)
where v is the relative incoming velocity, mT is the mass
of the target nucleus, and ER is its recoil energy. We can
treat the entire ISM as ionized, since incoming atoms
falling onto the gravity wells of our benchmark stars are
fast enough to make the effect of atomic form factors
small. The SM nugget as a whole will always neutral-
ize by attracting electrons from the ISM as needed. The
capture calculation is standard [10, 56–58], for more de-
tails see [53]. A very useful approximation in our sce-
nario is that the Mirror Star escape velocity vesc (around
600 km/s for the 1 Msun benchmark) is much larger than
the relative velocity u of the ISM to the Mirror Star,
which we take to be u ≈ 20 km/s from the velocity dis-
persion of stars and gas in our local stellar neighbourhood
[59, 60]. As long as the hierarchy between mirror and SM
nuclear masses is less severe than 14 (u/vesc)
2
, the final re-
sult for the mirror capture (denoted by m superscript) is
independent of vesc :
dN
(m)
i
dt
= nISMi
∑
j
4pic4Nj
2α2Z2i Z
2
j
mimju3
(2)
for each incoming species i, where nISMi is the local ISM
density of the incoming species, Nj is the total number of
scattering targets of species j, mi and Zi are the mass and
nuclear charge of the relevant species, and the sum is over
different target species in the Mirror Star. The expression
for self-capture rate dN
(s)
i /dt is analogous, without the
2 factor.
We consider capture of hydrogen and helium only, and
assume that their average densities over the path the Mir-
ror Star has traced are given by nISMH = 1 cm
−3 and
M / Msun 1 5 50
He / H 0.24 0.24 0.24
R / Rsun 1 3.80 16.1
Tcore / 10
7 K 1.54 2.83 4.13
L / Lsun 0.96 721 5.18× 105
τstar / years 4.3× 109 5.6× 107 2.3× 106
ncore / cm
−3 4.5× 1025 6.2× 1024 7.4× 1023
mirrorcrit 2.6× 10−9 5.9× 10−9 1.3× 10−8
selfcrit 2.5× 10−16 3.0× 10−15 8.2× 10−14
TABLE I: Properties of the three benchmark Mirror Stars,
computed in MESA [61–65]: mass, helium mass fraction,
radius, core temperature, luminosity, age of star (half main
sequence lifetime), total number of atoms, atomic number
density at the core, critical values of  above which the
mirror and self capture rates are geometric.
nISMHe = 0.1 cm
−3, roughly in accordance with the aver-
age values for our galaxy [66]. It is clear that the total
amount captured simply scales with nISMi 
2/u3, where
strictly speaking 1/u3 should be averaged over the ISM
velocity distribution, but we use 20 km/s for simplicity.
If the capture rate is so large that every incoming par-
ticle is captured, capture become geometric, i.e. the cross
section is given by the physical size of the target. The
geometric capture rate is independent of the scattering
cross section, and is given approximately by [10]
dN
(geo)
i
dt
= nISMi
√
3
2
v2esc
u
piR2, (3)
where R is the radius of the capture region (size of Mir-
ror Star/SM nugget for mirror/self capture) and vesc is
the escape velocity (averaged over the Mirror Star/SM
nugget for mirror/self capture). For our benchmark Mir-
ror Stars and range of , self-capture becomes geometric
very quickly in much less than 10% of the stellar lifetime,
making it -independent, while mirror capture is never
geometric, scaling with 2, see Table I. Self-capture be-
comes comparable to mirror capture for  ∼ 10−11 in all
our benchmarks.
The radius of the SM nugget can be estimated from
the virial theorem, equating its gravitational potential
energy with its thermal kinetic energy:
Rnugget = rvirial =
(
9TSM
4piGρmirrorµSM
)1/2
. (4)
TSM is the average temperature of the nugget, ρmirror
is the density of mirror matter at the core of the MS,
and µSM is the average mass of captured SM particles.
We therefore need to know the temperature of the cap-
tured matter to know the geometric self-capture rate. As
we show in Section 4, this temperature is always in the
range of 4000− 7000 K for the benchmark stars we con-
sider. This temperature is much lower than Tcore due
to the 2 suppression of heat transfer compared to the
unsuppressed cooling by bremsstrahlung emission, and is
in the range . 104 K since that is where ionization and
3hence cooling efficiency increases sharply with tempera-
ture. The modest dependence of rvirial on TSM makes
TSM ≈ 6000K is a good ansatz to estimate the self-
capture rate. It is easy to solve consistently for the cap-
ture rate and temperature, but our ansatz is sufficient to
estimate signal to better than a factor of 2.
With the capture rate determined, we assume that the
total amount of captured material is, on average, given
by simply multiplying that rate by half the MS main se-
quence lifetime. Note that we ignored evaporation of SM
matter from the nugget in this simple estimate. In [53]
we show that this is a valid assumption, since only freshly
captured H or He nuclei have enough velocity to be kicked
out of the gravity well by collisions with thermal mirror
ions, but such collisions have such low probability that
most SM nuclei settle into the nugget before evaporating.
3. Optical Depth — The properties of the SM
nugget depend on its optical depth to SM photons in
three frequency ranges, which in turn depend on the den-
sity and temperature of the nugget.
The nugget is optically thick to photons with the cor-
rect energy to ionize atoms [67]. This means that we
can use Saha’s equation to compute the ionization of the
SM nugget, and that cooling via inter-atomic collisional
processes can be neglected.
For most of the cases we consider, the nugget is opti-
cally thin for photons far below the ionization threshold,
allowing it to cool via bremsstrahlung processes. For
higher densities and temperatures closer to 104 K, the
larger degree of ionization means the nugget can become
optically thick due to free-free absorption [66].
In that case the nugget cools as a black body from
surface emission. We discuss this in more detail in [53],
but the final expected MS signal will not differ greatly
from the optically thin case, since the total luminosity,
determined by the heating rate, remains the same.
The optical depth of the nugget to X-ray frequencies
far above the ionization threshold is relevant to determine
the size of the X-ray signal. X-rays will scatter (almost)
elastically from atoms and free charges alike, and can be
absorbed in photoionization. We discuss this in Section
5 when calculating the X-ray signal.
Finally, in order for the SM nugget to be observable,
the Mirror Star has to be optically thin to SM photons.
This is certainly the case for most benchmarks we con-
sider, though there is some attenuation of the optical sig-
nal at low frequencies due to free-free absorption in the
fully ionized MS mirror matter for  & 10−10. For details,
see [53]. We neglect this effect in the present analysis for
simplicity since it does not affect our conclusions.
4. Bremsstrahlung Cooling Signal — We assume
that the SM nugget is a sphere of constant density, with
radius given by Eqn. (4). The nugget is heated via col-
lisions of SM atoms (the ionized fraction will be very
small) with mirror ions in the core. Since the nugget is
much colder than the core, we can treat the SM atoms as
being at rest. The relative velocity with mirror ions vrel
is sampled from the thermal distribution of the mirror
10
13
10
14
10
15
10
16
10
17
10
18
10
19
10
-9
10
-4
10
10
6
10
11
0.1 1 10 100 1000 10
4
ν / Hz
I
/
W
s
Eγ / eV
M = 5 Msun
ϵ = 10-10
ϵ = 10-11
ϵ = 10-12
Bremsstrahlung cooling
(optical)
X-ray conversion
RSM=4800 km, MSM=3×10
18
kg, ne/nN=1×10
-4
RSM=4500 km, MSM=6×10
16
kg, ne/nN=8×10
-5
RSM=4100 km, MSM=3×10
16
kg, ne/nN=1×10
-5
FIG. 2: Estimated emission spectra for a 5 solar mass
benchmark star for three different values of . The X-ray
peak is closely related to the Mirror Star core temperature.
nuclei, but a good approximation is to set it to the ther-
mal average
√
3Tmirror/mmirror , with mmirror being the
average mirror nuclear mass. We then compute the aver-
age energy transfer given the momentum dependence of
the ion-atom scattering cross section, which is given by
Eqn. 1 with the replacement ER → ER+(2mTa0)−2 [68]:
dP icoll
dV
= nmirrornSM vrel
∫ EmaxR
0
dERER
dσ
dER
(5)
≈ nimirrornSM
2pi2α2Z2SMZ
2
i
mSMvrel
(
log
8µ2v2rel
(1/a0)2
− 1
)
,
where a0 is the SM Bohr radius, SM stands for SM H or
He, µ is the reduced mass of the atom and colliding mirror
ion, and EmaxR = 4µ
2v2rel/mSM . Since the nugget is much
smaller than the Mirror Star, nmirror and Tmirror can be
taken to be their values at r = 0, so the total collisional
heating rate is trivially obtained by nSM → NSM .
Conversion of mirror photons into SM X-ray photons,
discussed in Section 5, can be a source of heating if the
X-rays are absorbed by the nugget before escaping. How-
ever, X-ray heating is always subdominant to collisional
heating, so we can neglect it in our estimates.
The collisional heating rate, and hence the total lumi-
nosity of the nugget in optical/thermal frequencies, is
independent of the temperature of the nugget. How-
ever, the shape of the emission spectrum does de-
pend on temperature. We solve for TSM , by equating
the heating power to the total cooling power assuming
bremsstrahlung cooling of an optically thin medium [66],
dPff
dV
=
16
3
(
2pi
3
)1/2
α3
m2e
(meTSM )
1/2 〈gff 〉T Z2i ne ni,
(6)
where 〈gff 〉T is the frequency averaged free-free Gaunt
factor at temperature T (close to unity in our case). Self-
consistently assuming the ionization to be small, the so-
lution to Saha’s equation for pure hydrogen (similarly
4with helium) takes the simple form
neni = nSM (meTSM /2pi)
3/2
exp
(
− ω0
TSM
)
, (7)
where ω0 is the ionization energy. We see that neni ∝
nSM , which drops out when equating heating and cooling
rates. The equilibrium temperature of the SM nugget is
therefore independent of density, and our approximation
of constant nugget density drops out of the temperature
calculation. Solving for TSM as a function of  for each
MS, we verify our original claim that the temperature of
the nugget lies in the range 4000− 7000 K.
In Figure 2 we plot the emission spectra of the nugget
for different values of  [69]. The shape of the spec-
trum is flat for low frequencies, which is characteristic
of bremsstrahlung emission [66].
5. X-ray Conversion signal — Mirror photons in
the MS core can undergo elastic “Thomson conversion”
to a SM photon off electrons or nuclei in the nugget,
γD + e/N → γ + e/N , see Fig. 1 (right). These X-rays
can escape the nugget and lead to an observable signal
that directly probes the Mirror Star interior, revealing for
example the core temperature. As far as we are aware,
this is the first time this conversion signature has been
discussed in the context of Mirror Stars.
For Tcore far above SM atomic binding energies, Thom-
son conversion proceeds identically for both bound and
free SM electrons/nuclei. The conversion rate depends on
the Thomson scattering cross section, which is frequency
independent. Therefore the spectrum of converted X-
rays will match the mirror photon spectrum in the core,
well approximated by a black body with temperature
Tcore . The conversion power per unit volume is
dPconv
dV dν
= 2nSMσthoms4piBν(ν, Tcore), (8)
where Bν is the Planck spectral radiance function for a
black body and σthoms is the Thomson scattering cross
section. This gives the familiar T 4core dependence when
integrated over all frequencies.
Converted X-rays have a chance of ionizing neutral
atoms and being absorbed. They also lose on average
∆Eγ = E
2
γ/m worth of energy in each scatter with a free
electron or nucleus of mass m. In computing the X-ray
spectrum emitted by the nugget we have to account for
both absorption and energy loss. We do not solve a full
diffusion equation for the escaping X-ray photons, but we
can estimate the total escaping X-ray power as follows:
dPx -ray
dνobs
=
∫ Rnugget
0
dr 4pir2
∫ ∞
0
dνi
νf
νi
dPconv
dV dνi
×
Θ
(
λabs(νf )−Nscat(r)λscatter
)
δ
(
νobs − νf (νi, r)
)
. (9)
In this expression, νi represents the frequency of a photon
when it first converts, while νf is its energy after Nscat
scatters: νf = νim/(νiNscat + m). λabs,scatter are the
mean free paths for absorption or Thomson scattering
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FIG. 3: A Hertzsprung-Russell diagram showing the dual
signatures of our Mirror Star benchmarks estimated in this
letter. Each MS is represented by two points connected by a
line. The solid lines show the approximate distances up to
which such objects could be observed in Gaia or Chandra.
computed at the starting point. The Heaviside function
accounts for absorption, and ensures that photons do not
contribute to the signal if they must travel further than
the absorption path length before escaping the nugget,
the absorption path length being a function of frequency.
The number of scatters required for the photon convert-
ing at position r to escape is estimated by assuming the
photon must random walk a distance Rnugget−r, leading
to Nscat = (Rnugget − r)2/λ2scatter . Assuming the nugget
has a constant density profile yields the X-ray contri-
butions to the emission spectra of Figure 2, agreeing to
better than a factor of 2 with a more realistic profile [53].
6. Discussion and Conclusions — We summarise
our results in Figure 3, plotting the luminosity and char-
acteristic temperature of both the thermal and converted
X-ray Mirror Star signatures on a Hertzsprung-Russell
diagram. Mirror Stars look spectacularly alien compared
to standard astrophysical expectations: the optical sig-
nal is similar to that of a white dwarf but typically or-
ders of magnitude too faint in absolute luminosity to be
compatible with its high temperature. This could be
discovered in full-sky surveys like Gaia [70] out to the
distances indicated by blue lines (which also provides a
parallax measurement to determine absolute luminosity).
The discovery of such faint Mirror Star candidates would
prompt extremely detailed study with an X-ray obser-
vatory: Chandra could see the X-ray signal roughly out
to distances indicated by green lines with an exposure
equal to the Hubble Deep Field North [71]. Detection of
this black-body-like X-ray signal would be a true smok-
ing gun of Mirror Stars and provide a direct window into
their interior, allowing measurement of the core temper-
ature and perhaps even aspects of mirror nuclear physics
via detailed study of spectral features. This is also true
for higher  & 10−10, where Mirror Stars might appear
similar to white dwarfs, providing additional motivation
5to study them with X-ray observations, see also [72].
The methods we present here and in [53] can be readily
applied to the signatures of Mirror Stars arising in more
realistic hidden sectors, like those arising in Neutral Nat-
uralness [2, 46–48]. The optical luminosity scales with
the photon kinetic mixing, as well as the size and age of
the MS; the SM nugget temperature is roughly set by SM
ionization energies; and the X-ray signal depends mostly
on the core temperature. Our more detailed analysis [53]
also considers mirror-helium-rich Mirror Stars and treats
the optically thick regime as well as absorption of optical
SM photons in the MS more carefully [73], but this does
not affect our conclusions or greatly change the lessons
of Figure 3.
We have shown that Mirror Star signals are highly dis-
tinctive and robust. They arise in well-motivated theo-
ries that may not show up in collider measurements. This
makes dedicated searches for Mirror Stars a new frontier
in DM detection with completely untapped discovery po-
tential, and an opportunity we cannot afford to miss.
Acknowledgements: We are grateful to Christopher
Matzner and Yoni Kahn for comments on a draft of
this letter. We also thank Christopher Matzner Za-
ckaria Chacko, Christopher Dessert, Michael Geller,
Bob Holdom, Benjamin Safdi, Kai Schmidt-Hoberg, and
Yuhsin Tsai for helpful conversations. DC would like
to especially thank Zackaria Chacko, Michael Geller and
Yuhsin Tsai for early discussions on the possibility of
mirror stars in MTH models. The research of DC and JS
was supported by a Discovery Grant from the Natural
Sciences and Engineering Research Council of Canada.
[1] Z. Chacko, H.-S. Goh, and R. Harnik, Phys. Rev. Lett.
96, 231802 (2006), arXiv:hep-ph/0506256 [hep-ph].
[2] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, JHEP 09,
163 (2018), arXiv:1803.03263 [hep-ph].
[3] I. Garcia Garcia, R. Lasenby, and J. March-Russell,
Phys. Rev. D92, 055034 (2015), arXiv:1505.07109 [hep-
ph].
[4] N. Craig and A. Katz, JCAP 1510, 054 (2015),
arXiv:1505.07113 [hep-ph].
[5] I. Garcia Garcia, R. Lasenby, and J. March-Russell,
Phys. Rev. Lett. 115, 121801 (2015), arXiv:1505.07410
[hep-ph].
[6] M. Farina, JCAP 1511, 017 (2015), arXiv:1506.03520
[hep-ph].
[7] H.-C. Cheng, L. Li, and R. Zheng, JHEP 09, 098 (2018),
arXiv:1805.12139 [hep-ph].
[8] Y. Hochberg, E. Kuflik, and H. Murayama, Phys. Rev.
D99, 015005 (2019), arXiv:1805.09345 [hep-ph].
[9] K. M. Zurek, Phys. Rept. 537, 91 (2014),
arXiv:1308.0338 [hep-ph].
[10] K. Petraki and R. R. Volkas, Int. J. Mod. Phys. A28,
1330028 (2013), arXiv:1305.4939 [hep-ph].
[11] J. Alexander et al. (2016) arXiv:1608.08632 [hep-ph].
[12] M. Battaglieri et al., in U.S. Cosmic Visions: New Ideas
in Dark Matter College Park, MD, USA, March 23-25,
2017 (2017) arXiv:1707.04591 [hep-ph].
[13] G. Krnjaic, JHEP 10, 136 (2018), arXiv:1711.11038 [hep-
ph].
[14] S. Tulin and H.-B. Yu, Phys. Rept. 730, 1 (2018),
arXiv:1705.02358 [hep-ph].
[15] V. Gluscevic et al., (2019), arXiv:1903.05140 [astro-
ph.CO].
[16] W. DeRocco, P. W. Graham, D. Kasen, G. Marques-
Tavares, and S. Rajendran, JHEP 02, 171 (2019),
arXiv:1901.08596 [hep-ph].
[17] M. I. Gresham and K. M. Zurek, Phys. Rev. D99, 083008
(2019), arXiv:1809.08254 [astro-ph.CO].
[18] J. H. Chang, R. Essig, and S. D. McDermott, JHEP 09,
051 (2018), arXiv:1803.00993 [hep-ph].
[19] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Dark
Univ. 2, 139 (2013), arXiv:1303.1521 [astro-ph.CO].
[20] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Rev.
Lett. 110, 211302 (2013), arXiv:1303.3271 [hep-ph].
[21] M. McCullough and L. Randall, JCAP 1310, 058 (2013),
arXiv:1307.4095 [hep-ph].
[22] P. Agrawal, F.-Y. Cyr-Racine, L. Randall, and
J. Scholtz, JCAP 1705, 022 (2017), arXiv:1610.04611
[hep-ph].
[23] P. Agrawal, F.-Y. Cyr-Racine, L. Randall, and
J. Scholtz, JCAP 1708, 021 (2017), arXiv:1702.05482
[astro-ph.CO].
[24] P. Agrawal and L. Randall, JCAP 1712, 019 (2017),
arXiv:1706.04195 [hep-ph].
[25] J. F. Acevedo and J. Bramante, (2019),
arXiv:1904.11993 [hep-ph].
[26] A. Bhoonah, J. Bramante, F. Elahi, and S. Schon, Phys.
Rev. D100, 023001 (2019), arXiv:1812.10919 [hep-ph].
[27] J. Bramante, P. J. Fox, G. D. Kribs, and A. Martin,
Phys. Rev. D94, 115026 (2016), arXiv:1608.02662 [hep-
ph].
[28] A. Berlin, N. Blinov, S. Gori, P. Schuster, and N. Toro,
Phys. Rev. D97, 055033 (2018), arXiv:1801.05805 [hep-
ph].
[29] Y. Grossman, R. Harnik, O. Telem, and Y. Zhang, JHEP
07, 017 (2019), arXiv:1712.00455 [hep-ph].
[30] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai,
Phys. Rev. Lett. 116, 221302 (2016), arXiv:1512.04545
[hep-ph].
[31] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,
Phys. Rev. Lett. 113, 171301 (2014), arXiv:1402.5143
[hep-ph].
[32] P. Brax, S. Fichet, and P. Tanedo, (2019),
arXiv:1906.02199 [hep-ph].
[33] G. D. Kribs, A. Martin, B. Ostdiek, and T. Tong, JHEP
07, 133 (2019), arXiv:1809.10184 [hep-ph].
[34] S. Renner and P. Schwaller, JHEP 08, 052 (2018),
arXiv:1803.08080 [hep-ph].
[35] M. Yu. Khlopov, G. M. Beskin, N. E. Bochkarev, L. A.
Pustylnik, and S. A. Pustylnik, Sov. Astron. 35, 21
(1991), [Astron. Zh.68,42(1991)].
[36] R. Foot, Phys. Lett. B452, 83 (1999), arXiv:astro-
ph/9902065 [astro-ph].
[37] R. Foot, A. Yu. Ignatiev, and R. R. Volkas, Phys. Lett.
B503, 355 (2001), arXiv:astro-ph/0011156 [astro-ph].
6[38] Z. Berezhiani, Positronium physics. Proceedings, 1st In-
ternational Workshop, Zuerich, Switzerland, May 30-31,
2003, Int. J. Mod. Phys. A19, 3775 (2004), arXiv:hep-
ph/0312335 [hep-ph].
[39] R. Foot, Int. J. Mod. Phys. D13, 2161 (2004),
arXiv:astro-ph/0407623 [astro-ph].
[40] Z. Berezhiani, , 2147 (2005), arXiv:hep-ph/0508233 [hep-
ph].
[41] R. Foot, Int. J. Mod. Phys. A29, 1430013 (2014),
arXiv:1401.3965 [astro-ph.CO].
[42] E. Michaely, I. Goldman, and S. Nussinov, (2019),
arXiv:1905.12643 [astro-ph.HE].
[43] W. Detmold, M. McCullough, and A. Pochinsky, Phys.
Rev. D90, 115013 (2014), arXiv:1406.2276 [hep-ph].
[44] W. Detmold, M. McCullough, and A. Pochinsky, Phys.
Rev. D90, 114506 (2014), arXiv:1406.4116 [hep-lat].
[45] G. Krnjaic and K. Sigurdson, Phys. Lett. B751, 464
(2015), arXiv:1406.1171 [hep-ph].
[46] Z. Chacko, N. Craig, P. J. Fox, and R. Harnik, JHEP
07, 023 (2017), arXiv:1611.07975 [hep-ph].
[47] N. Craig, S. Koren, and T. Trott, JHEP 05, 038 (2017),
arXiv:1611.07977 [hep-ph].
[48] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, (2019),
arXiv:(To Appear).
[49] N. Aghanim et al. (Planck), (2018), arXiv:1807.06209
[astro-ph.CO].
[50] B. Holdom, Phys. Lett. 166B, 196 (1986).
[51] H. Vogel and J. Redondo, JCAP 1402, 029 (2014),
arXiv:1311.2600 [hep-ph].
[52] S. Koren and R. McGehee, (2019), arXiv:1908.03559
[hep-ph].
[53] D. Curtin and J. Setford, (2019), arXiv:(Appearing con-
currently with this letter.).
[54] This double-signature is also many orders of magnitude
larger than the surface luminosity of Mirror Stars in vis-
ible photons, which is 2 × their hidden photon luminos-
ity.
[55] G. Burdman, Z. Chacko, H.-S. Goh, and R. Harnik,
JHEP 02, 009 (2007), arXiv:hep-ph/0609152 [hep-ph].
[56] A. Gould, Astrophys. J. 321, 571 (1987).
[57] A. R. Zentner, Phys. Rev. D80, 063501 (2009),
arXiv:0907.3448 [astro-ph.HE].
[58] R. Catena and B. Schwabe, JCAP 1504, 042 (2015),
arXiv:1501.03729 [hep-ph].
[59] W. Dehnen and J. Binney, Mon. Not. Roy. Astron. Soc.
298, 387 (1998), arXiv:astro-ph/9710077 [astro-ph].
[60] J. Lopez-Santiago, D. Montes, I. Crespo-Chacon, and
M. J. Fernandez-Figueroa, Astrophys. J. 643, 1160
(2006), arXiv:astro-ph/0601573 [astro-ph].
[61] B. Paxton, L. Bildsten, A. Dotter, F. Herwig, P. Lesaffre,
and F. Timmes, Astrophysical Journal, Supplement 192,
3 (2011), arXiv:1009.1622 [astro-ph.SR].
[62] B. Paxton, M. Cantiello, P. Arras, L. Bildsten, E. F.
Brown, A. Dotter, C. Mankovich, M. H. Montgomery,
D. Stello, F. X. Timmes, and R. Townsend, Astrophysi-
cal Journal, Supplement 208, 4 (2013), arXiv:1301.0319
[astro-ph.SR].
[63] B. Paxton, P. Marchant, J. Schwab, E. B. Bauer, L. Bild-
sten, M. Cantiello, L. Dessart, R. Farmer, H. Hu,
N. Langer, R. H. D. Townsend, D. M. Townsley, and
F. X. Timmes, Astrophysical Journal, Supplement 220,
15 (2015), arXiv:1506.03146 [astro-ph.SR].
[64] B. Paxton, J. Schwab, E. B. Bauer, L. Bildsten,
S. Blinnikov, P. Duffell, R. Farmer, J. A. Goldberg,
P. Marchant, E. Sorokina, A. Thoul, R. H. D. Townsend,
and F. X. Timmes, Astrophysical Journal, Supplement
234, 34 (2018), arXiv:1710.08424 [astro-ph.SR].
[65] B. Paxton, R. Smolec, A. Gautschy, L. Bildsten,
M. Cantiello, A. Dotter, R. Farmer, J. A. Gold-
berg, A. S. Jermyn, S. M. Kanbur, P. Marchant,
J. Schwab, A. Thoul, R. H. D. Townsend, W. M. Wolf,
M. Zhang, and F. X. Timmes, arXiv e-prints (2019),
arXiv:1903.01426 [astro-ph.SR].
[66] B. T. Draine, Physics of the Interstellar and Intergalactic
Medium by Bruce T. Draine. Princeton University Press,
2011. ISBN: 978-0-691-12214-4 (2011).
[67] G. B. Rybicki and A. P. Lightman, Radiative Processes in
Astrophysics, by George B. Rybicki, Alan P. Lightman,
pp. 400. ISBN 0-471-82759-2. Wiley-VCH , June 1986.
(1986) p. 400.
[68] J. M. Cline, Z. Liu, and W. Xue, Phys. Rev. D85, 101302
(2012), arXiv:1201.4858 [hep-ph].
[69] Note that for  = 10−10, the neglected effects of low-
frequency attenuation in the MS and optical thickness of
the SM nugget change some details [53], but this does
not change our conclusions.
[70] Gaia Collaboration, T. Prusti, J. H. J. de Bruijne,
A. G. A. Brown, A. Vallenari, C. Babusiaux, C. A. L.
Bailer-Jones, U. Bastian, M. Biermann, and D. W.
Evans, Astronomy and Astrophysics 595, A1 (2016),
arXiv:1609.04153 [astro-ph.IM].
[71] W. N. Brandt, A. E. Hornschemeier, D. M. Alexander,
G. P. Garmire, D. P. Schneider, P. S. Broos, L. K. Towns-
ley, M. W. Bautz, E. D. Feigelson, and R. E. Griffiths,
Astron. J. 122, 1 (2001), arXiv:astro-ph/0102411 [astro-
ph].
[72] C. Dessert, A. J. Long, and B. R. Safdi, (2019),
arXiv:1903.05088 [hep-ph].
[73] For  & 10−10, the SM nuggets of some benchmark stars
considered here become optically thick to bremsstrahlung
photons, necessitating different methods for estimating
the spectrum shape. There is also some attenuation of
the thermal signature by absorption in the MS.
